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Available online 29 December 2016In order to understand the transport and humification processes of dissolved organic
matter (DOM) within sediments of a semi-arid floodplain at Rifle, Colorado, fluorescence
excitation–emission matrix (EEM) spectroscopy, humification index (HIX) and specific UV
absorbance (SUVA) at 254 nmwere applied for characterizing depth and seasonal variations
of DOM composition. Results revealed that late spring snowmelt leached relatively fresh
DOM from plant residue and soil organic matter down into the deeper vadose zone (VZ).
More humified DOM is preferentially adsorbed by upper VZ sediments, while non- or less-
humified DOM was transported into the deeper VZ. Interestingly, DOM at all depths
undergoes rapid biological humification process evidenced by the products of microbial
by-product-like (i.e., tyrosine-like and tryptophan-like)matter in late springand early summer,
particularly in the deeper VZ, resulting in more humified DOM (e.g., fulvic-acid-like and
humic-acid-like substances) at the end of year. This indicates that DOM transport is
dominated by spring snowmelt, andDOMhumification is controlled bymicrobial degradation,
with seasonal variations. It is expected that these relatively simple spectroscopic measure-
ments (e.g., EEM spectroscopy, HIX and SUVA) applied to depth- and temporally-distributed
pore-water samples can provide useful insights into transport and humification of DOM in
other subsurface environments as well.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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matrixIntroduction
Dissolved organic matter (DOM) represents the most mobile
organic carbon pool in terrestrial and aquatic ecosystems
(Kalbitz et al., 2000b; Leenheer and Croue, 2003; Mopper et al.,
2007; Tfaily et al., 2013). Transport and microbiological humifi-
cation of DOM play key roles in the cycling and distribution
of global carbon and nutrients within and between water, soil,
vegetation and atmosphere (Kalbitz et al., 2000b; Leenheer and
Croue, 2003; Mopper et al., 2007; Xu and Saiers, 2010). DOM in
soil solutions originates from plant litter, soil humus, microbial
biomass, and root exudates (Kalbitz et al., 2000b). It serves as ang@lbl.gov (Wenming Do
o-Environmental Sciencecarbon and energy source for microbial activity, and affects
various biogeochemical processes such as nutrient cycling
and metal speciation and transport (Dong et al., 2010; Kalbitz
et al., 2000b; Nebbioso and Piccolo, 2013; Schnitzer and Khan,
1972; Tfaily et al., 2013). DOM is a complex and poorly
understood mixture of natural organic matters (NOMs), and
generally composed of heterogeneous aromatic and aliphatic
components containing various functional groups (e.g., carboxyl,
phenol, enol, alcohol, carbonyl, amine, and thiol) (Chen et al.,
2003; Kalbitz et al., 2000b; Schnitzer andKhan, 1972).DOM in soil
solutions is estimated to be composed of 50% hydrophobic
(fulvic and humic) acids and 30% hydrophilic acids, with
the remainder of identifiable molecular compounds such asng).
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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(Herbert and Bertsch, 1995; Tipping, 2002). Such complicated
structures make it a challenge to precisely characterize
changes in chemical composition during transport through
the subsurface.
While DOM has been extensively studied in temperate
soils, forest and aquatic ecosystems (Kalbitz et al., 2000b;
Mopper et al., 2007; Qualls and Haines, 1992; Tfaily et al., 2013),
relatively little is known about DOM dynamics in the semi-
arid ecosystems (Klemmedson, 1989; Sherman et al., 2012;
Vidal-Abarca et al., 2001). Semi-arid ecosystems have been
recognized recently as an increasingly important component of
the global carbon cycle (Ahlstrom et al., 2015; Poulter et al.,
2014), with capacity to slow the rate of atmospheric CO2
concentration increase. Ahlstrom et al. (2015) studied contribu-
tions of regional ecosystems in CO2 uptake, and concluded that
the global trend and inter-annual variability of the CO2 sink
are dominated by semi-arid ecosystems. Poulter et al. (2014)
investigated the global carbon balance over the past 30 years
and identified an anomaly driven by growth of semi-arid
vegetation in the southern hemisphere, with 60% of carbon
uptake attributed to Australian ecosystems. These studies
suggest that semi-arid ecosystems play important role in global
carbon cycling and CO2 sequestration.Moreover, the soils in the
arid and semi-arid have the potential for large carbon storage
(Lal, 2004; Lal et al., 2007; Thomey et al., 2014) given that arid
and semi-arid regions cover 45% of the earth's land surface
(Schimel, 2010). Therefore, understanding the dynamics of
carbon pools (e.g., DOM) in semi-arid ecosystems is essential
for predicting their responses and feedbacks to global changes
in climate and hydrobiogeochemical cycles.
Understanding how DOM varies spatially and seasonally is
important for elucidating its transport and humification,
which requires characterization of the molecular composition
and reactivity. Many advanced analytical techniques have
greatly enhanced our ability to detect and characterize the
molecular composition of DOM, including Fourier transform ion
cyclotron resonance mass spectrometry (FT–ICR MS), advanced
nuclear magnetic resonance (NMR), Fourier transform infrared
spectrometry (FT–IR), and fluorescence excitation–emission
matrix (EEM) spectroscopy (Leenheer and Croue, 2003; Mopper
et al., 2007). Among these, optical analyses are cost effective
methods for analyzing DOM with minimal alteration of its
physicochemical environment. EEM spectroscopyhas become a
popular technique for characterizing DOM because of its high
sensitivity, use of small sample volume and simple sample
preparation (Kalbitz et al., 2000a; Ohno, 2002). The collection of
excitation and emission pairs contained in EEMs that can be
interpreted as fingerprints to identify the types of fluorescent
components of DOM based on the positions of excitation/
emission maxima (Chen et al., 2003; Coble, 1996, 2007; Coble
et al., 1990). This characteristic is useful for the detection of
DOM sources (Chen et al., 2003; Coble, 1996), oxidation state
(Cory and McKnight, 2005; Klapper et al., 2002), metal binding
(Ohno et al., 2008), decomposition (Tfaily et al., 2013), and
transport processes (Ohno and Bro, 2006; Xu and Saiers, 2010) in
a variety of environments. Another simple optical method, the
specificUVabsorbance (SUVA), definedas theUVabsorbance at a
specific wavelength (typically 254 nm) normalized for dissolved
organic carbon (DOC) concentration, is a useful parameter forestimating the dissolved aromatic carbon content (%) in water
samples (Weishaar et al., 2003). The measurements of EEMs and
SUVA can be easily incorporated as a characterization tool in
studies of the chemical composition and transport of DOM
(Chen et al., 2003; Coble, 2007; Weishaar et al., 2003; Xu and
Saiers, 2010).
In this study, we hypothesized that the infiltrating water
leaches decay by-products of plant residues and soil organic
matter (SOM) from top soil, down into the deeper vadose zone
(VZ), and where it undergoes further decomposition through-
out the humification process. In order to understand the
transport and humification of DOM, we apply the optical
techniques (SUVA and fluorescence spectroscopy) for track-
ing the spatial (depth) and seasonal variations of DOM
concentrations and composition at field scale from the VZ
to groundwater within the semi-arid floodplain at Rifle,
Colorado.1. Materials and methods
1.1. Site description
The Rifle Site (Fig. 1a) is located on a floodplain along the
Colorado River, in semi-arid western Colorado. This 8.8 ha site
was intermittently used for vanadium and uranium mining
and milling from 1926 to 1958 (DOE, 1999). The mill tailings
and underlying contaminated sediments were removed in
1994 and 1995, replaced with locally derived, uncontaminated,
floodplain soils (loam, with variable amounts of gravel and
cobbles), and vegetatedwith drought-tolerant perennial grasses
by 1996 (Arora et al., 2016; DOE, 1999; Tokunaga et al., 2016).
Roots are abundant in the upper 1.0 m, and absent below 1.5 m.
The loam soil (1.5 to 2 m thick) is underlain by Colorado River
floodplain alluvium containing sands, gravels and cobbles
(Fig. 1b) (Shroba and Scott, 1997), interspersed with finer
textured and locally organic-rich sediments (Campbell et al.,
2012; Yabusaki et al., 2011). This coarse alluvium generally
extends to depths of 6 to 7 m, and includes the upper aquifer,
with depths to the water table typically ranging from 3 to 4 m
(Fang et al., 2009; Tokunaga et al., 2016; Yabusaki et al., 2011).
The relatively low permeability Tertiary Wasatch Formation
siltstone provides the lower boundary of the unconfined upper
aquifer.
Over the past decade, the Rifle floodplain was used as an
integrated Field Research Challenge site by the U.S. Depart-
ment of Energy (DOE), for understanding and predicting
subsurface environmental controls on movement of contam-
inants at the field scale (Fang et al., 2009; Janot et al., 2016;
Williams et al., 2011). To date, the dynamics of DOM have not
been the focus of studies at this site, although elevated
concentrations of NOM have been observed in its subsurface,
especially within the naturally reduced zones (NRZs) adjacent
to the Colorado River (Arora et al., 2016; Campbell et al., 2012;
Janot et al., 2016; Yabusaki et al., 2011). More generally, it is
expected that seasonal variations in precipitation (rain and
snow) and evapotranspiration exert important influences on
dynamics of the DOM pool in the subsurface of this semi-arid
floodplain. In particular, late spring (April and May) snowmelt
and rainfall could leach fresh DOM from plant residue and
Fig. 1 – (a) Rifle floodplain, along the Colorado River, showing
groundwater flow direction (blue), and location of monitoring
sites. (b) Cross-section though three monitoring sites along
the groundwater flow path shown in Panel a. Also shown are
the depths of finer-texture fill soil, coarse alluvium, and low
permeability shale.
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aquifer.
1.2. Pore-water sampling and analyses
Within the floodplain, three locations (TT01, TT02 and
TT03) were selected along a groundwater flow transect
(Fig. 1a), with TT01 located furthest north (up-gradient), TT02
within the central floodplain, and TT03 further down-gradient
and adjacent to naturally reducing zones (NRZs) (Campbell
et al., 2012; Janot et al., 2016). In March 2013, these sites
were instrumented with vertically stratified pore-water
samplers (Soilmoisture Equipment Corp. 1900 series soil
water samplers; and Solinst CMT, 3-Channel System). These
installations provided vertically- and temporally-resolved
pore-water samples from the VZ and aquifer (Fig. 1b). Samples
were filtered in the field using 0.45 μm Millipore filters
and collected in ultra-clean glass vials without headspace.
All samples were transported to the laboratory on ice
and stored at 3°C prior to analysis. DOC was analyzed as
non-purgeable organic carbon (NPOC) and dissolved inorganic
carbon (DIC) concentrations were determined using a
Shimadzu TOC-VCPH analyzer (Japan). Dissolved cation and
anions were analyzed using inductively coupled plasma
mass spectrometry (ICP-MS) (Elan DRC II, PerkinElmerSCIEX,
USA) and ion chromatography (IC) (Dionex ICS-2100, Thermo
Scientific, USA), respectively. The pH values of pore-water
samples were measured in the range of 7.4–7.8.
Pore-water samples were collected from April 18 to
December 20, 2013 for various analyses. A heavy snow eventon April 17, 2013 was followed by rapid snowmelt (Appendix A
Fig. SI-1). We selected May 3, 2013 for the depth profile samples
because pore waters were recovered from most of sampling
depths after snowmelt. The depths above −1.5 m represent the
rooted upper VZ, and the depths from −1.5 to −3.36 m for TT01,
and −1.5 to −3.14 m for TT03 represent the deeper VZ. The
depth at −3.97 m for TT01 and depth at −4.58 m for TT03
represent the groundwater (GW) samples. Two depths were
selected for each location for tracking the seasonal variations of
DOM, i.e., in theupperVZ at−0.5 m, and indeeperVZ at−3.36 m
for TT01 and −3.0 m for TT03. Hereweonly present results from
TT01 and TT03 since the TT02 data varied in similar manner as
TT03.
1.3. Spectroscopic analyses
Fluorescence EEM spectra weremeasured at room temperature
with a clear quartz cuvette (10 mmpath length) using a HORIBA
Jobin Yvon Fluorolog-3 spectrometer with a xenon lamp light
source. Excitation wavelengths were scanned from 245 to
400 nm in 5 nm intervals and emissions were measured at
each excitationwavelength from300 to 550 at 2 nm increments.
The data acquisition was carried out in signal/reference mode
using a 5 nm band pass on both excitation and emission
monochromators. Prior to measurement of samples, the
excitation and emission correction was conducted routinely
for instrumental bias (Cory et al., 2010; Lawaetz and Stedmon,
2009). Blank EEMs were collected routinely using deionized
water. Sample fluorescence intensities were adjusted by
subtracting the intensity of the deionized water. Highly
concentrated DOM samples were diluted to an UV absorbance
<0.2 at 254 nm to prevent inner-filter effects (Ohno, 2002).
Deionized water Raman spectra were also recorded routinely
with emission wavelength from 300 to 500 nm at an excitation
wavelength 350 nm (Appendix A Fig. SI-2). The integrated area,
Arp, under the Ramanpeak of deionizedwater has been used for
normalization of fluorescence intensities to Raman unit (R.U.)
(Lawaetz and Stedmon, 2009). The fluorescence intensities for
the Rayleigh and Raman scatter bands were deleted and set to
zero. The emission spectroscopy (300–480 nm) for each sample
at a specific excitation wavelength of 254 nm was measured
for HIX calculation. SUVA was measured by taking the UV
absorbance of a DOM sample at 254 nm and dividing it by the
DOC concentration (Weishaar et al., 2003). The potential
interference from co-existing inorganic ions (e.g., Fe(II/III),
nitrate, sulfate, and bicarbonate) was tested and to be negligible
in samples.
1.4. Humification index (HIX)
HIX values were computed as the ratio of the area of the
emission spectrum at 435–480 nm to the emission area at 300–
345 nm at an excitation wavelength of 254 nm. This calcula-
tion proposed by Zsolnay and co-workers (Cox et al., 2000;
Zsolnay et al., 1999) was selected in this work because it uses
the integrated area of fluorescence intensity at a range of
wavelength values rather than use of the intensity of
arbitrarily selected wavelengths for the index (Ohno, 2002).
HIX values can be applied to evaluate spatial (depth) and
temporal trends and extent of DOM humification. Increasing
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DOM.2. Results and discussion
2.1. Spatial and seasonal variations of DOC and SUVA
DOC concentrations varied with depth and seasons in the VZ
(Figs. 2 and 3). The depth profile of DOC for TT01 shows higher
concentrations at the deeper VZ (soil, −2.43 and −3.36 m)
than the upper VZ (−0.5 and −0.95 m), unlike for the TT03
depth profile where higher concentrations of DOC were
observed in the upper VZ (−0.5 m) than the deeper VZ (−1.5,
−2.5, and −3.14 m) (Fig. 1a). The differing depth profiles of
DOC concentrations between the two monitored profiles
likely reflects hydrological influences associated with TT01
being near the base of a hillslope with intermittent discharge
from saline seeps, and TT03 being representative of the main
body of the floodplain.
Seasonal variations ofDOCconcentrations generally increase
in late spring to summer, reach highest in late summer and fall,
and then begin to decrease in earlywinter. This seasonal change
is consistentwithprevious studies (Kalbitz et al., 2000b). Increase
in DOC concentrations can be linked to high evapotranspiration
due to elevated temperature as well as higher microbial and
plant activity (Brooks and Lemon, 2007; Kalbitz et al., 2000b;
Liechty et al., 1995). Pore-water samples from the upper VZ
(−0.5 m) were not available for TT01 after June 3, 2013, and for
TT03 during late summer and fall because of drier conditions. In
addition, DOC concentrations started to decrease in November,
particularly for TT03–0.5 m samples, as shown in Fig. 3b.
Monthly precipitation (rain and snow) exceeds potential
evapotranspiration from November through March at the Rifle
floodplain (Tokunaga et al., 2016), resulting to the increases in0.0 0.5 1.0 1.5 2.0 2.5
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Fig. 2 – Depth profiles of dissolved organic carbon (DOC) and
specific UV absorbance (SUVA) (254 nm) at TT01 and TT03
locations. The data obtained from the samples collected on
May 3, 2013.shallow vadose zone water storage, and dilution of DOC
concentrations. Even with seasonal dilution, it is apparent that
DOC concentrations in VZ samples are significantly greater
than in GW samples (Fig. 2a).
TheSUVAat 254 nm is strongly correlatedwith the dissolved
aromatic carbon fraction in water samples (Weishaar et al.,
2003). The depth profiles of SUVA (Fig. 2b) indicate that the
aromatic carbon fractions are higher in the upper VZ and GW
samples than in thedeeper VZ samples. This result is consistent
with other reported observations (Corvasce et al., 2006; Qualls
and Haines, 1992; Tfaily et al., 2013). The seasonal variations of
SUVA (Fig. 3) suggest that the aromatic carbon fraction increases
rapidly from late spring to early summer, and then slowly reach
maxima from late summer through fall to early winter for the
selected depths. However, for the TT03 –3.0 m samples (Fig. 3d),
SUVA increases more rapidly from May to September.
The increased aromatic carbon fraction with seasons is
likely due to the biological humification process, resulting
in DOM with high aromaticity and more recalcitrance to
mineralization processes (Kalbitz et al., 2000b). The higher
aromatic carbon fraction at upper VZ in the spring (Fig. 2b)
suggests that aromatic compounds are preferentially adsorbed
within the upper VZ (McKnight et al., 1992), leaving less
aromatic compounds available to transport into the deeper
VZ. The lower DOC concentrations and the reverse trend of
SUVAvalueswith depth for GWsamples (Fig. 2) likely reflect the
different sources of DOC from the deeper VZ samples. The
evapotranspiration from late spring through early fall limits net
water recharge from the VZ into the GW, with an estimated
annual velocities ranging from 0 to at most about 0.1 m/year
and an average of only about 0.03 m/year (Tokunaga et al.,
2016). The flux of GW is from upper floodplain ranges from
0.1 m to 0.8 m/day, generally south-southwest to the adjacent
Colorado River (Anderson et al., 2003; Williams et al., 2011). The
DOC in the GW is expected to have been humidified to higher
aromatic compounds during its long time transport.
2.2. Fluorescence EEM
Selected fluorescence EEM spectra (contour maps) for TT03
pore-water samples are presented as a depth profile (Fig. 4a)
and as a seasonal trend (Fig. 4b). There are four distinct types
of fluorescent peaks identified in EEMs as shown in Fig. 4.
Each peak characterizes a maxima excitation/emission wave-
length pair. Based on reported summaries by Coble (2007) and
Chen et al. (2003), these four peaks can be grouped to specific
fluorophore components (A, M, B and T) as shown in Fig. 4.
Specifically, A with a strongest peak at Ex 250–260 nm/Em
400–460 nm typically represents autochthonous fulvic acid-like
(FA-like) or humic acid-like (HA-like) components, M with a
moderate peak at Ex 290–310 nm/Em 380–410 nm represents
the HA-like component, B with a peak at Ex 275 nm/Em 305 nm
and T with a peak at Ex 275 nm/Em 340 nm generally are
assigned to the protein-like material,i.e., tyrosine-like and
tryptophan-like matter, respectively. The peaks of B and T
have been found to strongly correlate with bioavailable DOM
and biological processes (Coble, 2007; Inamdar et al., 2012), and
thus tyrosine-like and tryptophan-like matter are generally
considered as themicrobial by-product-like matter (Chen et al.,
2003; Hosen et al., 2014; Osburn et al., 2012). Based on the EEM
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identified to be themajor fluorescent components of DOMwith
various amounts of microbial by-product-like matter (B and T)
in pore-water samples. For comparison, a GW sample from
TT03 –4.58 m and a reference Suwannee River NOM sample
from International Humic Substance Society (IHSS) were ana-
lyzed and presented in Appendix A Fig. SI-3. It is apparent that
only two peaks (A and M) are observed for these two samples,
i. e., FA-like and HA-like substances.
The depth profile of EEM spectra (Fig. 4a) shows much
higher concentration of FA-like (A) and HA-like (M) substances
in upper VZ (−0.5 m, with a dilution factor (DF) = 5) than in
deeper VZ (−1.5, −2.5 and −3.14 m), which is consistent with
the trend of DOC concentration in Fig. 2a. Distinct peaks of
tyrosine-like (B) or tryptophan-like (T) matter were obtained
in all VZ samples, with much stronger signals in deeper VZ,
especially at around depths −2.5 m (Fig. 4a) and −3.0 m (Fig. 4b),
suggesting strong microbial activity in the deeper VZ (Inamdar
et al., 2012; Tokunaga et al., 2016).
Seasonal variation of EEM spectra at depth −3.0 m (Fig. 4b)
shows a rapid increase of FA-like (A) andHA-like (M) substances
from late spring (Apr 26, May 15) to summer (Jul 16, with DF = 2
for Jul 16 and Dec 19), reaching maxima in late summer and
fall, and decreasing in early winter (other similar EEM spectra
not shown for brevity). This trend is consistent with SUVA
results with aromatic carbon mainly from FA-like and HA-
like substances. Interestingly, the peak of the tyrosine-like (B)
decreased rapidly from late spring to early summer, suggesting
that rapid microbial humification of DOM occurred in the VZ,
particularly at late spring and early summer.2.3. Humification index (HIX)
Spatial and seasonal variations in TT03 fluorescence emission
spectra at a fixed excitation (254 nm) are presented in Fig. 5.
The fluorescence intensities have been normalized to Raman
units (R.U.), anddivided by sampleDOC concentration (mmol/L).
All spectra show a similar shape and broadband with a
maximum of fluorescence intensity at 440 nm, except the
samples from TT03 deeper VZ (−2.5 and −3.0 m) in spring,
where a secondary broad band maximum occurred at 300–
325 nm. The depth profile of Fig. 5a shows the red-shifting of
the emission spectra in the sequence; deeper VZ (−1.5, −2.5 and
−3.14 m) → upper VZ (−0.5 m) → GW (−4.58 m). The red-shifting
of seasonal emission spectrawith a time trend of spring (Apr 26,
May 15) → summer (Jul 16) → fall (Sep 04) → winter (Dec 19) is
clearly observed (Fig. 5b). A similar trend was also observed for
TT01 samples. The red-shifting of the emission spectra toward
longer wavelength indicates the formation of more humified
DOM (Cox et al., 2000; Ohno, 2002; Ohno and Bro, 2006).
The depth profile and seasonal variations of HIX values are
presented in Figs. 6 and 7, respectively. The greater HIX value
indicates the greater humification extent of DOM by formation
ofmore complex and condensed (aromatic) structure (Cox et al.,
2000; Ohno, 2002; Zsolnay et al., 1999).
Ohno (2002) determined the HIX values of three represen-
tatives of DOM, and observed that the initially non- or less-
humified DOM from plant residue have HIX of 1.33 ± 0.03, soil
water-soluble DOM have HIX of 5.18 ± 0.22, and soil FA have
HIX of 15.9 ± 5.9. Compared with Ohno's data, our depth
profiles of HIX values from samples collected May 3 (Fig. 6)
Emission wavelength (nm)
TT03 depth TT03 seasonal
(-3.0 m)(May 3)
A
M
B
Ex
ci
ta
tio
n 
w
a
v
el
en
gt
h 
(n
m)
(DF=5)
(DF=2)
(DF=2)
T
a b
M
A
M
AB
M
AB
M
A
T
Fig. 4 – Fluorescence excitation–emission matrix (EEM) spectra of pore-water samples from TT03 (fluorescence intensities are
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were from plant residue or microbial origins with HIX values
of 1.37–3.11. DOM in TT01 whole VZ (−0.5 m to −3.36 m) were
from SOMwith HIX values of 5.42–8.31. DOM in TT03 upper VZ
(−0.5 m) with a HIX value of 13.01 and DOM in GW samples
with HIX values of 16.70 for TT01 (−3.97 m) and 10.50 for TT03
(−4.58 m) are indicative of soil FA-like and HA-like substances.
HIX value for the IHSS Suwannee River NOM was analyzed
to be 24.6 with a sample UV absorbance = 0.210, which is
comparable with the value of 28.5 for the fulvic acid (FA) Ohno
extracted from a soil with a UV absorbance = 0.480. It should
be noted that the fluorescence intensities were not corrected
to R.U. in Ohno's spectra. However, it is expected that the
HIX values obtained by Ohno and in this work are similar withrespect to the HIX values calculated from the ratios of the
emission intensities in the same two ranges of wavelengths.
Our seasonal trends in HIX values shown in Fig. 7 suggest
that all DOM undergoes further humification through the
end of year with the most rapid humification occurring in
late spring and early summer, leaving relative stable end-
products of more FA-like and HA-like substances. The
seasonal variations of HIX values exhibited different patterns
for TT01 and TT03 (Fig. 7). In the upper VZ (Fig.7a and c), DOM
was less humidified in TT01 with HIX values of 4.79–8.88,
relative to HIX values of 5.26–13.82 at TT03. HIX was not
measured after June 3 for TT01–0.5 m because evapotranspira-
tion left surface soils too dry to allow collection of pore-water
samples. In contrast, the deeper VZ DOM in TT01 was more
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of 1.09–10.2) (Fig. 7b and d). This difference may reflect the
different redox conditions. Microbial activity in the upper VZ (Fig.
7a and c) may be higher at TT03 than at TT01, resulting in rapid
transformation of less humified DOM (HIX = 5.3) to more
recalcitrant DOM (HIX > 13.0) in the late spring. In contrast,0 5 10 15 20
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Fig. 6 – Depthprofiles of HIX values at TT01 andTT03 locations.
The data obtained from the samples collected on May 3, 2013.TT03 commonly has more reducing conditions in its deeper
sediments relative to TT01 (Fig. 7b and d), which limits further
DOM degradation. The TT03 location is adjacent to a known
organic-rich NRZ (Campbell et al., 2012; Janot et al., 2016), and is
expected to have a lower redox environment in its deeper
sediments.
2.4. Transport and humification of DOM
Plant residue, SOM, and microbial biomass are the sources of
DOM inVZpore-water samples. Plant residue is amajor source of
carbon-rich, non- or less-humified and highly water-soluble
material in soils (Kalbitz et al., 2000b; Ohno, 2002; Ohno and Bro,
2006) and constitutes the initial products of organic matter
degradation by microbial activity (Ohno, 2002). In late spring,
the snowmelt water leached the plant residue and SOM from top
soil with the fresh decay products of microbial origin into deeper
VZ sediments. During transport, more aromatic compounds or
FA-like and HA-like substances were preferentially adsorbed by
the upper VZ sediments, leaving less aromatic DOM or less
humidified DOM transported into the deeper VZ. This relatively
fresh DOM stimulates microbial activity in the deeper VZ,
generating CO2 (Tokunaga et al., 2016), and the microbial
by-product-like matter i.e., tyrosine-like and tryptophan-like
matter. These processes are supported by the depth profiles of
SUVA, EEM spectra, and HIX in Figs. 2b, 4a, 5a and 6.
In spring (e.g., May 3), DOM exhibited a less humidified
characteristic at all depths, and then exhibited further biodegra-
dation or humification over the year. Rapid humification
occurred in late spring and early summer, particularly in the
TT03 deeperVZ, resulting inmorehumidifiedDOMand relatively
stable end-products of FA-like and HA-like substances. This
humification process was strongly supported by evidence from
SUVA, EEMspectra, andHIXmeasurements in Figs. 3, 4b, 5b and
7. In order to determine whether the interpretations of DOM
transport and humification were significantly affected by
adsorption–desorption processes (Kalbitz et al., 2000b), we
31J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 5 7 ( 2 0 1 7 ) 2 4 – 3 2extracted the sediment samples from TT03 VZ with 10 mmol/L
NaHCO3 solutions for HIX analysis. The extracted DOM showed
HIX values ≥8.5 in all depths, suggesting that adsorption of
“fresh” DOM onto sediments was minor.
Our results show that at the end of year (winter), DOM in all
VZ depths have relative higher SUVA andHIX values (Figs. 3 and
7), and less microbial by-product-like matter compared to the
late spring (peak B in Fig. 4b). This suggests that the dynamics of
DOM undergoes a seasonal variation at this semi-arid site.
These processesmay suggest anannual cycle despite lack of the
data from January toMarch. Aswe recently reported, the deeper
VZ at this site maintains an environment supportive of
year-round microbial respiration, with intermediate water and
air saturations, lack of extreme temperatures and salinities, and
an annual resupply of organic carbon from recharge (Tokunaga
et al., 2016). More generally, the rate and extent of transport and
humification of DOM in semi-arid floodplains is dependent on
local hydro-biogeochemical and climatic conditions, such as
snowmelt/rainfall events, changes of temperature and water
table, and redox conditions (Kalbitz et al., 2000b).3. Conclusion
Although characterization of DOM in semi-arid subsurface is
challenging, the combined application of fluorescence EEM
spectroscopy, HIX and SUVA on pore-waters was found to be
useful for understanding depth and temporal variations of
DOM composition at the Rifle floodplain. Our results reveal
that the spring snowmelt plays important role in leaching and
transport of fresh DOM from top soil into the deeper VZ,
where fresh DOM undergoes biological humification over the
year. These processes suggest an annual cycle of DOM at this
semi-arid floodplain site. These relatively simple spectroscopic
measurements (e.g., EEM, HIX and SUVA) applied to spatially-
and temporally-resolved pore-water samples can provide
useful insights into transport and humification processes of
DOM in other environments as well.Acknowledgments
We thank Mark Robbins for sample collection. This work was
partially performed at theMolecular Foundry, Lawrence Berkeley
National Laboratory, is supported as part of the Sustainable
Systems Scientific Focus Area program at Lawrence Berkeley
National Laboratory, supported by the U.S. Department of
Energy, Office of Science, Office of Biological and Environmental
Research, Subsurface Biogeochemical Research Program,
through Contract No. DE-AC02-05CH11231 between Lawrence
Berkeley National Laboratory and the U.S. Department of
Energy.Appendix A. Supplementary data
Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jes.2016.12.011.R E F E R E N C E S
Ahlstrom, A., Raupach, M.R., Schurgers, G., Smith, B., Arneth, A.,
Jung, M., Reichstein, M., Canadell, J.G., Friedlingstein, P., Jain,
A.K., Kato, E., Poulter, B., Sitch, S., Stocker, B.D., Viovy, N.,
Wang, Y.P., Wiltshire, A., Zaehle, S., Zeng, N., 2015. The
dominant role of semi-arid ecosystems in the trend and
variability of the land CO2 sink. Science 348, 895–899.
Anderson, R.T., Vrionis, H.A., Ortiz-Bernad, I., Resch, C.T., Long,
P.E., Dayvault, R., Karp, K., Marutzky, S., Metzler, D.R., Peacock,
A., White, D.C., Lowe, M., Lovley, D.R., 2003. Stimulating the
in situ activity of Geobacter species to remove uranium from
the groundwater of a uranium-contaminated aquifer. Appl.
Environ. Microbiol. 69, 5884–5891.
Arora, B., Spycher, N.F., Steefel, C.I., Molins, S., Bill, M., Conrad, M.E.,
Dong,W., Faybishenko, B., Tokunaga, T.K.,Wan, J.,Williams,K.H.,
Yabusaki, S.B., 2016. Influence of hydrological, biogeochemical
and temperature transients on subsurface carbon fluxes in a
flood plain environment. Biogeochemistry 127, 367–396.
Brooks, P.D., Lemon,M.M., 2007. Spatial variability in dissolved organic
matter and inorganic nitrogen concentrations in a semiarid
stream, San Pedro River, Arizona. J. Geophys. Res. 112, 1–11.
Campbell, K.M., Kukkadapu, R.K., Qafoku, N.P., Peacock, A.D.,
Lesher, E., Williams, K.H., Bargar, J.R., Wilkins, M.J., Figueroa,
L., Ranville, J., Davis, J.A., Long, P.E., 2012. Geochemical,
mineralogical and microbiological characteristics of sediment
from a naturally reduced zone in a uranium-contaminated
aquifer. Appl. Geochem. 27, 1499–1511.
Chen, W., Westerhoff, P., Leenheer, J.A., Booksh, K., 2003.
Fluorescence excitation - emission matrix regional integration
to quantify spectra for dissolved organic matter. Environ. Sci.
Technol. 37, 5701–5710.
Coble, P.G., 1996. Characterization of marine and terrestrial DOM
in seawater using excitation emission matrix spectroscopy.
Mar. Chem. 51, 325–346.
Coble, P.G., 2007. Marine optical biogeochemistry: the chemistry of
ocean color. Chem. Rev. 107, 402–418.
Coble, P.G., Green, S.A., Blough, N.V., Gagosian, R.B., 1990.
Characterization of dissolved organic-matter in the Black-Sea
by fluorescence spectroscopy. Nature 348, 432–435.
Corvasce, M., Zsolnay, A., D'Orazio, V., Lopez, R., Miano, T.M.,
2006. Characterization of water extractable organic matter in a
deep soil profile. Chemosphere 62, 1583–1590.
Cory, R.M., McKnight, D.M., 2005. Fluorescence spectroscopy reveals
ubiquitous presence of oxidized and reduced quinones in
dissolved organic matter. Environ. Sci. Technol. 39, 8142–8149.
Cory, R.M., Miller, M.P., McKnight, D.M., Guerard, J.J., Miller, P.L., 2010.
Effect of instrument-specific response on the analysis of fulvic
acid fluorescence spectra. Limnol. Oceanogr. Methods 8, 67–78.
Cox, L., Celis, R., Hermosin, M.C., Cornejo, J., Zsolnay, A., Zeller, K.,
2000. Effect of organic amendments on herbicide sorption as
related to the nature of the dissolved organic matter. Environ.
Sci. Technol. 34, 4600–4605.
DOE, U S, 1999. Final Site Observational Work Plan for the UMTRA
Project Old Rifle Site U.S. Depertment of Energy, Grand
Junction, CO, p. 122.
Dong, W., Liang, L., Brooks, S., Southworth, G., Gu, B., 2010. Roles
of dissolved organic matter in the speciation of mercury and
methylmercury in a contaminated ecosystem in Oak Ridge,
Tennessee. Environ. Chem. 7, 94–102.
Fang, Y.L., Yabusaki, S.B., Morrison, S.J., Amonette, J.P., Long, P.E.,
2009. Multicomponent reactive transport modeling of uranium
bioremediation field experiments. Geochim. Cosmochim. Acta
73, 6029–6051.
Herbert, B.E., Bertsch, P.M., 1995. Characterization of dissolved
and colloidal organic matter in soil solution: a review. In: Kelly,
32 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 5 7 ( 2 0 1 7 ) 2 4 – 3 2J.M., McFee, W.W. (Eds.), Carbon Forms and Functions in Forest
Soils. SSSA, Madison, WI, pp. 63–68 (pp. 63–88).
Hosen, J.D., McDonough, O.T., Febria, C.M., Palmer, M.A., 2014.
Dissolved organic matter quality and bioavailability changes
across an urbanization gradient in headwater streams.
Environ. Sci. Technol. 48, 7817–7824.
Inamdar, S., Finger, N., Singh, S., Mitchell, M., Levia, D., Bais, H.,
Scott, D., McHale, P., 2012. Dissolved organic matter (DOM)
concentration and quality in a forestedmid-Atlantic watershed,
USA. Biogeochemistry 108, 55–76.
Janot, N., Pacheco, J.S.L., Pham, D.Q., O'Brien, T.M., Hausladen, D.,
Noel, V., Lallier, F., Maher, K., Fendorf, S., Williams, K.H., Long,
P.E., Bargar, J.R., 2016. Physico-chemical heterogeneity of
organic-rich sediments in the Rifle aquifer, CO: impact on
uranium biogeochemistry. Environ. Sci. Technol. 50, 46–53.
Kalbitz, K., Geyer, S., Geyer,W., 2000a.A comparative characterization
of dissolved organic matter by means of original aqueous
samples and isolated humic substances. Chemosphere 40,
1305–1312.
Kalbitz, K., Solinger, S., Park, J.H., Michalzik, B., Matzner, E., 2000b.
Controls on the dynamics of dissolved organic matter in soils:
a review. Soil Sci. 165, 277–304.
Klapper, L., McKnight, D.M., Fulton, J.R., Blunt-Harris, E.L., Nevin,
K.P., Lovley, D.R., Hatcher, P.G., 2002. Fulvic acid oxidation
state detection using fluorescence spectroscopy. Environ. Sci.
Technol. 36, 3170–3175.
Klemmedson, J.O., 1989. Soil organic matter in arid and semiarid
ecosystems: sources, accumulation, and distribution. Arid Soil
Res. Rehabil. 3, 99–114.
Lal, R., 2004. Soil carbon sequestration to mitigate climate change.
Geoderma 123, 1–22.
Lal, R., Follett, F., Stewart, B.A., Kimble, J.M., 2007. Soil carbon
sequestration to mitigate climate change and advance food
security. Soil Sci. 172, 943–956.
Lawaetz, A.J., Stedmon, C.A., 2009. Fluorescence intensity
calibration using the Raman scatter peak of water. Appl.
Spectrosc. 63, 936–940.
Leenheer, J.A., Croue, J.P., 2003. Characterizing aquatic dissolved
organic matter. Environ. Sci. Technol. 37, 18–26.
Liechty,H.O., Kuuseoks, E.,Mroz, G.D., 1995.Dissolvedorganic-carbon
in northern hardwood stands with differing acidic inputs and
temperature regimes. J. Environ. Qual. 24, 927–933.
McKnight, D.M., Bencala, K.E., Zellweger, G.W., Aiken, G.R., Feder,
G.L., Thorn, K.A., 1992. Sorption of dissolved organic-carbon by
hydrous aluminum and iron-oxides occurring at the confluence
of Deer Creek with the Snake River, Summit County, Colorado.
Environ. Sci. Technol. 26, 1388–1396.
Mopper, K., Stubbins, A., Ritchie, J.D., Bialk, H.M., Hatcher, P.G.,
2007. Advanced instrumental approaches for characterization
of marine dissolved organic matter: extraction techniques,
mass spectrometry, and nuclear magnetic resonance
spectroscopy. Chem. Rev. 107, 419–442.
Nebbioso, A., Piccolo, A., 2013. Molecular characterization of
dissolved organic matter (DOM): a critical review. Anal.
Bioanal. Chem. 405, 109–124.
Ohno, T., 2002. Fluorescence inner-filtering correction for
determining the humification index of dissolved organic
matter. Environ. Sci. Technol. 36, 742–746.
Ohno, T., Bro, R., 2006. Dissolved organic matter characterization
using multiway spectral decomposition of fluorescence
landscapes. Soil Sci. Soc. Am. J. 70, 2028–2037.
Ohno, T., Amirbahman, A., Bro, R., 2008. Parallel factor analysis of
excitation-emission matrix fluorescence spectra of water soluble
soil organic matter as basis for the determination of conditional
metal binding parameters. Environ. Sci. Technol. 42, 186–192.Osburn, C.L., Handsel, L.T., Mikan, M.P., Paerl, H.W., Montgomery,
M.T., 2012. Fluorescence tracking of dissolved and particulate
organic matter quality in a river-dominated estuary. Environ.
Sci. Technol. 46, 8628–8636.
Poulter, B., Frank, D., Ciais, P., Myneni, R.B., Andela, N., Bi, J.,
Broquet, G., Canadell, J.G., Chevallier, F., Liu, Y.Y., Running,
S.W., Sitch, S., van der Werf, G.R., 2014. Contribution of
semi-arid ecosystems to interannual variability of the global
carbon cycle. Nature 509, 600–603.
Qualls, R.G., Haines, B.L., 1992. Biodegradability of dissolved
organic-matter in forest throughfall, soil solution, and stream
water. Soil Sci. Soc. Am. J. 56, 578–586.
Schimel, D.S., 2010. Drylands in the earth system. Science 327,
418–419.
Schnitzer, M., Khan, S.U., 1972. Humic Substances in Environment.
Marcel Dekker, New York.
Sherman, C., Sternberg, M., Steinberger, Y., 2012. Effects of
climate change on soil respiration and carbon processing in
Mediterranean and semi-arid regions: an experimental
approach. Eur. J. Soil Biol. 52, 48–58.
Shroba, R.R., Scott, R.B., 1997. Revised Preliminary Geologic Map
of the Rifle Quadrangle, Garfield County, Colorado. U.S.
Geological Survey, Denver, Colorado, pp. 1–20.
Tfaily, M.M., Hamdan, R., Corbett, J.E., Chanton, J.P., Glaser, P.H.,
Cooper, W.T., 2013. Investigating dissolved organic matter
decomposition in northern peatlands using complimentary
analytical techniques. Geochim. Cosmochim. Acta 112, 116–129.
Thomey, M.L., Ford, P.L., Reeves, M.C., Finch, D.M., Litvak, M.E.,
Collins, S.L., 2014. Review of Climate Change Impacts on
Future Carbon Stores and Management of Warm Deserts of the
United States. United States Department of Agriculture, p. 26.
Tipping, E., 2002. Cation Binding by Humic Substances. Cambridge
University Press.
Tokunaga, T.K., Kim, Y., Conrad, M.E., Bill, M., Hobson, C.,
Williams, K.H., Dong, W., Wan, J., Robbins, M.J., Long, P.E.,
Faybishenko, B., Christensen, J.N., Hubbard, S.S., 2016. Deep
vadose zone respiration contributions to CO2 fluxes from a
semi-arid floodplain. Vadose Zone J. 15 (7):1–14. http://dx.doi.
org/10.2136/vzj2016.02.0014.
Vidal-Abarca, M.R., Suarez, M.L., Guerrero, C., Velasco, J., Moreno,
J.L., Millan, A., Peran, A., 2001. Dynamics of dissolved and
particulate organic carbon in a saline and semiarid stream of
southeast Spain (Chicamo stream). Hydrobiologia 455, 71–78.
Weishaar, J.L., Aiken, G.R., Bergamaschi, B.A., Fram, M.S., Fujii, R.,
Mopper, K., 2003. Evaluation of specific ultraviolet absorbance as
an indicator of the chemical composition and reactivity
of dissolved organic carbon. Environ. Sci. Technol. 37, 4702–4708.
Williams, K.H., Long, P.E., Davis, J.A., Wilkins, M.J., N'Guessan,
A.L., Steefel, C.I., Yang, L., Newcomer, D., Spane, F.A., Kerkhof,
L.J., McGuinness, L., Dayvault, R., Lovley, D.R., 2011. Acetate
availability and its influence on sustainable bioremediation of
uranium-contaminated groundwater. Geomicrobiol J. 28, 519–539.
Xu, N., Saiers, J.E., 2010. Temperature and hydrologic controls on
dissolved organic matter mobilization and transport within a
forest topsoil. Environ. Sci. Technol. 44, 5423–5429.
Yabusaki, S.B., Fang, Y.L., Williams, K.H., Murray, C.J., Ward, A.L.,
Dayvault, R.D., Waichler, S.R., Newcomer, D.R., Spane, F.A.,
Long, P.E., 2011. Variably saturated flow andmulticomponent
biogeochemical reactive transport modeling of a uranium
bioremediation field experiment. J. Contam. Hydrol. 126, 271–290.
Zsolnay, A., Baigar, E., Jimenez, M., Steinweg, B., Saccomandi, F.,
1999. Differentiating with fluorescence spectroscopy the
sources of dissolved organic matter in soils subjected to
drying. Chemosphere 38, 45–50.
